Abstract. Here, a matrix using two-dimensional (2D) graphene is demonstrated for the first time in the context of MALDI IMS using a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer. Although graphene flakes have been used previously in MALDI, it is described here how a single 2D layer of graphene is applied directly on top of rat brain sections and soybean leaves. Several classes of molecules are desorbed and ionized off of the surface of the tissues examined using 2D graphene, with minimal background interference from the matrix. Moreover, no solvents are employed in application of 2D graphene, eliminating the potential for analyte diffusion in liquid droplets during matrix application. Because 2D graphene is an elemental form of carbon, an additional advantage is its high compatibility with the long duration needed for many IMS experiments.
Introduction
A major goal in IMS is to improve spatial resolution, which has prompted refinement of the matrix application process. Manual spraying (e.g., using an air brush) can be accomplished quickly, although it generally produces matrix crystals that can be hundreds of microns in size [1] and is not recommended for most applications of MALDI IMS. Automatic spray deposition controlled by robotics [2] , electrospray [3] , or acoustic spray [4] deposition can provide more homogeneous coatings. Matrix crystals of 10-20 μ are produced using automated methods, but they are prone to forming regions of enhanced matrix and higher ionization yield or Bhot spots.^A third approach that shows great promise for MALDI IMS is sublimation of matrix [5] , which produces smaller crystals needed for high spatial resolution IMS [6] , but is potentially problematic because the elevated temperatures used could promote lateral diffusion of analytes, thereby degrading spatial resolution. Sublimation followed by recrystallization of matrix in a humid atmosphere can produce matrix crystals down to 10 μ, and is a promising alternative [7] .
To overcome limitations to spatial resolution imposed by traditional matrix applications, and to improve uniformity of signal response, we were motivated to pursue a twodimensional (2D) matrix for IMS. Interestingly, 2D graphene [8] has many features suggesting high potential for MALDI IMS. Graphene was introduced as a matrix for MALDI MS [9] ; administered as flakes admixed with the sample, the initial report [9] showed that graphene serves to desorb and ionize both polar and nonpolar compounds without significant fragmentation of the molecular ions. Moreover, graphene promotes a high desorption/ionization efficiency for nonpolar compounds in comparison with traditional MALDI matrixes. In addition, graphene shows a high tolerance for salt and a lack of background signal in the mass spectra, which is especially crucial in the analysis of low m/z species [9] that may be the focus of metabolomics.
Here, we apply a 2D sheet of graphene directly on top of tissue samples via a Bdry transfer^process without the necessity of a conventional matrix or any solvents for IMS. The 2D graphene matrix is shown to be effective in ionizing molecules from the surfaces of both plant and animal tissues with 
Experimental

Materials
Indium-tin oxide (ITO) coated slides were purchased from Bruker Daltonics (Billerica, MA, USA). α-Cyano-4-hydroxycinnamic acid (CHCA) and 2,5-dihydroxybenzoic acid (DHB) were from Sigma-Aldrich (St. Louis, MO, USA). All solvents used in MS analyses were HPLC grade or better. Conventional matrices were nebulized by a Bruker ImagePrep system using compressed nitrogen gas. Soybean leaves were collected mid-summer from a family farm in northern Indiana. Rat brain tissue was graciously provided by Dr. Alexis Thompson of the Research Institute on Addictions, Buffalo, NY, USA.
Methods
Standard imaging protocols are followed for preparing tissue prior to matrix application [10] . In this case, 12 μm mouse brain sections and soybean leaves were used to illustrate the variety of tissues compatible with graphene. Plant tissue was attached to the ITO slide using Mount-Quick adhesive.
The graphene synthesis makes use of chemical vapor deposition at atmospheric pressure [11, 12] . Graphene was prepared on 25-μm thick polycrystalline Cu foils (Alfa Aesar, Ward Hill, MA, >99.8% purity) in a tube furnace consisting of a fused silica tube (22-mm internal diameter). The Cu foil was placed in the middle of the reactor (hot zone). It was first annealed for at least 30 min at 1000°C under 300 sccm of argon and 10 sccm of hydrogen. The furnace was slowly cooled to 980°C before introducing the precursor, methane (Jackson Welding and Gas Products, Buffalo, NY, USA), at 10 sccm while the flow rates of argon and hydrogen (Praxair) were held constant. The growth process was performed for 5 min, after which the furnace was slowly cooled to 950°C. The sample was then rapidly cooled by sliding the reactor upstream from the hot zone. During the entire cooling process, all three gases were kept on with constant flow rate.
The graphene-Cu strips were then rolled flat, with gentle pressure, onto the adhesive sides of thermal release tapes (319Y-4LS; Nitto Denko America, Inc., Teaneck, NJ). This assembly was then flipped over and floated on an aqueous solution of 0.2 M FeCl 3 /4 M HCl to etch away Cu. The graphene-tape strips were then washed with distilled water and dried under a stream of air. These were then transferred on top of tissue sample on ITO slides by a brief thermal treatment with a heat gun, in which the adhesion of graphene to the thermal tape is significantly lost upon reaching 90°C [13] ; once detached from the tape, the graphene is placed directly over the tissue sample to be imaged using tweezers.
MS parameters were optimized for each matrix. In addition to graphene, conventional matrices were used, including DHB and CHCA. All experiments were conducted on a Bruker SolariX 12 T FT-ICR mass spectrometer, equipped with a SmartBeam Nd:YAG Laser, λ = 355 nm. Imaging experiments were conducted using Bruker FlexImaging software; analysis was done on FlexImaging software and the freeware BioMap (www.maldi-msi.org). Atomic force microscopy (AFM) was carried out using an AIST-NT SmartSPM-1000-2 and a Si probe (k = 5.3 N/m) in tapping mode with a 50 nm stepsize at a scan rate of 0.5 Hz.
Results and Discussion
Laser Ablation of Graphene A clean ITO glass slide was coated with 2D graphene and placed in the mass spectrometer. A laser ablation experiment was conducted in which the laser was fired at the graphene surface until it was ablated, exposing the glass below. This was replicated, increasing the laser focus. Subsequent AFM of the slide illustrates that the focusing limits of the instrument are readily achievable, allowing for a pixel size of ≤10 μm (Figure 1 ). When using DHB and CHCA matrices deposited using a Bruker ImagePrep system, ablated regions are typically 25-40 μm.
MALDI IMS of Soybean Leaves
A MALDI IMS image of ion intensity atop a digital image of the soybean leaf is shown in Figure 2 . The lightened box over the leaf image represents the area interrogated by MALDI IMS. What is of particular note is that in this image, each of the four m/z correlate extremely well with the vascular architecture of the soybean leaf, a phenomenon others have noted in MALDI IMS for a cyclotide in the leaf vasculature of petunias [14] . Figure 3 represents an FT-ICR mass spectrum collected at a pixel on a vein in the soybean leaf. A series of ions (m/z 585, 747, 909, 1071, and 1233) separated by successive mass differences of 162 Da suggests various levels of glycosylated metabolites. A second series separated by 162 Da is observed 60 Da above this series. Knowledge of soybean metabolites is relatively sparse, although reports exist of species extracted from root hairs [15] or soybean seeds [16] . However, higher resolution MALDI CID FT-ICR mass spectra acquired without performing imaging can be used to provide insight into molecular structure. CID of the peak at m/z 747.2 (not shown) indicates structural components consistent with a kaempferol (loss of C 6 H 10 O 5 , C 9 H 6 O 3 , and C 15 H 10 O 6 ). The other ions in this series could also be kaempferols with different levels of glycosylation. The series shifted 60 Da above this one may be due to pelargonidins, although liquid chromatography coupled with MS/MS of putative standards and solvent extracts of the leaves would be needed for establishing absolute identities. Nevertheless, MALDI IMS can be an important tool in metabolic profiling and nutrient transport throughout the plant, and will only become more powerful as plant metabolite databases are expanded and made publicly available.
MALDI IMS of Rat Brain Tissue
Visualizing the graphene layer over the tissue on an ITO slide is difficult, if not impossible, with the naked eye. Nevertheless, as with soybean leaves, the 2D graphene matrix generates ions from a variety of different compounds at the surface of rat brain tissue, including lower mass ions that would have been difficult to distinguish from low mass background because of conventional organic matrix clusters and fragments. The spatial distributions of several of these ions are shown in Figure 4 . In the brain tissue, both small peptides and lipids are detected. For example, the peak at m/z 429.1 (Figure 4a ) may be due to a 3-amino acid peptide composed of Lys, Phe, and Ile/Leu; notably, another species with a peak shifted 28 Da higher corresponds to C 2 H 4 , possibly due to di methylation of the Lys. 
Conclusions
Although conventional MALDI matrices, such as DHB and CHCA, have been-and continue to be-crucial to the MALDI community, their use includes a number of significant drawbacks that limit their effectiveness in IMS. Unlike the overwhelming low mass background produced by conventional matrix clusters, fragments, and salt adducts, graphene produces virtually no background in those regions, allowing for small molecule detection and tandem MS experiments (MALDI mass spectra of these on ITO slides is shown in Supplementary Figure 1) . At very high laser powers, the formation of C 60 and other evennumbered carbon clusters can be induced, and these are detected in the mass spectrum, which has utility in instrument calibration at high m/z. In the push to maximize spatial resolution with conventional matrices, recent efforts have focused on sublimation and then crystallization on the sample [5, 7] . Although this method has decreased matrix crystal size and thereby increased attainable spatial resolution, it comes at the price of potential thermal degradation. This is because the matrix is heated under mTorr pressure and sublimed onto tissue sections mounted on microscope slides. Thus, there is a risk that some thermally fragile analytes may degrade when exposed to warm temperatures used for sublimation (>100°C) for extended time periods during sublimation. 2D graphene can be released onto the sample with a quick exposure to a stream of warm air or, though more challenging to do, it can be released onto another surface and subsequently transferred onto the sample. In effect, the sample can move from the freezer to the mass spectrometer in as little as a few minutes. In turn, spatial resolution is maximized, as a uniform sheet of graphene does not have the crystal size characteristic of the array of organic matrices currently in use. In addition, because of the uniform thickness and elasticity of a 2D graphene sheet and its ability to conformally adopt the contours of the substrate [17] , all parts of the underlying tissue have equal coverage of matrix. Additionally, the π cloud of graphene tends to facilitate electronic interactions with a diverse range of underlying substrates enabling charge and energy transfer [18 ] . These characteristics facilitate uniform desorption and ionization, a major goal in MALDI IMS investigations.
